evidence that, across development, constraints on working memory capacity abruptly limit the number of objects that can be represented at any given time. Then, we consider two cases in which the content of object representations affects capacity-cases in which what is remembered affects how many are remembered. Our first case concerns the nature of the object representations that are successfully stored in working memory: this work suggests that, for both adults and infants, there is a trade-off between the featural resolution of object representations and the number of objects that can be simultaneously represented. Our second case concerns what happens when working memory capacity is exceeded: this work suggests that exceeding the limits of working memory can have different consequences for infants' object representations than for adults'. Furthermore, the particular features of the objects being represented determine whether or not infants show adult-like performance. Together, these two cases illustrate ways in which the architecture of working memory affects object representation, and how in turn object representations affect working memory.
How many items does working memory hold?

Working memory capacity in adults
We are continuously barraged by an enormity of environmental information-this presents us with a processing problem. Take, for example, the information surrounding you at this very moment. You might be thinking about the words on this page, or about the feel of the paper in your hand (for those who do not prefer learning about object representation electronically). You might be thinking about the cup of coffee you are about to sip, or about the voices you hear in the background. You might be thinking about the chair that is supporting you, or about the clock ticking on the wall. The list goes on.
How is it possible to represent all of this information at once? The answer is that it isn't. We avoid this problem of information overload by effectively ignoring the vast majority of what is available at any given moment in time. Instead, we selectively attend to and store in memory only a tiny fraction of the sights and sounds surrounding us. Research in both attention and working memory has identified discrete items, such as individual objects, 1 as the essential units of this processing, such that we are limited to storing a finite number of object representations at once (Alvarez & Cavanagh, 2004; Broadbent, 1975; Cowan, 2001 Cowan, , 2005 Luck & Vogel, 1997; Song & Jiang, 2006; Sperling, 1960;  on demonstrating that infants could represent a single object in the absence of immediate perceptual input, such as under conditions of occlusion (e.g., Baillargeon, 1987; Luo et al., 2003) or darkness (Shinskey & Munakata, 2003) . Other studies have extended these results to show that as early as 5 months of age, infants represent multiple hidden objects. For example, Wynn (1992) showed 5-month-old infants an object placed atop a puppet stage. Infants watched as the object was occluded by a screen, then saw a hand pass behind the screen carrying a second object, and finally saw the hand exit the stage empty. After seeing this sequence, infants looked longer when the screen was removed to reveal unexpected outcomes of 1 or 3 objects, relative to their looking at the expected outcome of 2 objects. Success in this task depends on forming a working memory representation of the sequentially presented objects and then comparing that mental representation to the revealed outcome. Without the ability to form and maintain 2 distinct object representations in working memory, infants would have failed to differentiate the correct from incorrect outcomes. Following Wynn, other studies have used similar methods to confirm infants' ability to track at least 2 hidden objects at once (Berger et al., 2006; Koechlin et al., 1997; Simon et al., 1995; Uller et al., 1999) . 3 Thus, infants can remember at least 2 hidden objects-Can they also remember more? The item-based capacity limit of infants' working memory has been examined in work that parametrically varied the number of hidden objects infants were asked to track. In one investigation, 10-and 12-monthold infants participated in a single trial of a modified foraging task. Infants watched an experimenter sequentially place a number of crackers into one bucket and a different number of crackers into another bucket. Infants were then allowed to walk or crawl to either bucket, with the dependent measure being which bucket they approached first. Infants successfully chose the bucket containing the greater quantity when 1, 2, or 3 crackers were hidden in either of the buckets (i.e., with choices between 1 vs. 2 or 2 vs. 3 crackers). But when the experimenter hid more than 3 crackers in either bucket (i.e., with choices of 2 vs. 4, 3 vs. 4, 3 vs. 6, and even 1 vs. 4), infants chose randomly 3 Infants in some versions of this task have been shown to base their expectations on the total continuous extent (e.g., total area) of the array rather than on the number of individual objects in the array (Feigenson, Carey, & Spelke, 2002) . However, infants can also form expectations based on a discrete number (Cheries et al., 2003) . For further discussion of infants' ability to represent both discrete and continuous properties of object arrays, see Feigenson (2005) and . Regardless of when infants base their expectations on total object number and when they base them on total object extent, working memory is required to store the object representations that can then support either discrete or continuous computation. (Feigenson & Carey, 2005; Feigenson, Carey, & Hauser, 2002) . Various control conditions ruled out the possibility that duration or presentation complexity determined infants' performance. This pattern of success and failure suggests that infants can remember up to 3 hidden objects per location, but no more. 4 Infants also remember a maximum of 3 objects when presented with single arrays in which the entire array is simultaneously visible (as opposed to two sets of sequentially presented objects, as in the cracker choice studies described in the preceding). Twelve-to 14-month-old infants saw an experimenter hide varying numbers of identical objects in an opaque box, and then were allowed to retrieve all or just a subset of them (Feigenson & Carey, 2003 . On key trials, the experimenter surreptitiously withheld some of the objects. The dependent measure was whether infants continued searching for the 'missing' objects. Specifically, comparing the duration of infants' searching when more objects were expected in the box with that when the box was expected to be empty provided a measure of how many objects infants were able to remember.
For example, because infants searched the box longer when 2 objects had been hidden and only 1 had been retrieved, relative to when 2 objects had been hidden and both had been retrieved, infants demonstrated that they had successfully formed 2 object representations, stored these in working memory, and used them to determine whether any more objects remained in the box. This method reveals that 12-to 14-month-old infants searched appropriately when 1, 2, or 3 objects were hidden (see Fig. 2 .1). For example, after seeing 3 objects hidden and retrieving just 2 of them, infants continued searching the box for the missing object. However, when infants saw 4 objects hidden and only retrieved 1 or 2 of them, they failed to search for any remaining objects (Feigenson & Carey, 2003 : that is, after seeing 4 objects hidden and retrieving any subset of them, infants searched the box no longer than they did on trials when the box was expected to be empty. This suggests that infants cannot represent 4 objects in working memory.
Infants' dramatic failure to remember 4 objects in both the cracker choice task (Feigenson & Carey, 2005; Feigenson, Carey & Hauser, 2002) and the 4 Importantly, infants' working memory in this task was locally limited, in that infants could remember up to 3 objects per hiding location rather than up to 3 objects totally. Other work in our laboratory has extended this finding to show that infants can use spatial cues (e.g., the spatially separated hiding locations in this cracker choice task) or conceptual cues (e.g., familiar semantic categories) to group objects into sets (Feigenson & Halberda, 2004 , 2008 . Parsing, or chunking, an array in this way appears to enable both infants (Feigenson & Halberda, 2004 , 2008 and adults (Chase & Simon, 1973; Ericsson et al., 1980; Miller, 1956; Simon, 1974) to exceed the 3-item limit of working memory under certain conditions. (Feigenson & Carey, 2003 ) is striking, in that infants could have simply ignored the objects that exceeded their memory capacity, or could have remembered only the 3 most recently hidden objects. Instead, infants presented with more than 3 objects exhibited a catastrophic memory failure, such that they appeared to remember none of the objects in the array. This failure is surprisingly persistent, with infants as old as 20 months failing to search for remaining objects after seeing 4 objects hidden and retrieving only 1 of them (Barner et al., 2007) . In summary, working memory capacity exhibits remarkable developmental continuity. 5 A variety of tasks reveal that adults can store up to 3 or 4 items in working memory. Similarly, a variety of tasks reveal that by about 10 months infants can store up to 3 items in working memory. On the other hand, adults' working memory and infants' working memory do seem to differ in at least one important way: when faced with arrays that exceed their working memory capacity, adults appear to store only as many items as working memory can hold (e.g., Luck & Vogel, 1997) . In contrast, infants faced with such arrays seem to experience a catastrophic memory failure, whereby none of the items in the array are successfully remembered. But, although the consequences of 5 Several studies suggest that working memory also exhibits continuity across species.
Monkeys engaging in tasks similar to those used with human infants also show an abrupt limit to the number of individual items they can represent (Hauser et al., 2000; Wood et al., 2008) . .1 Difference scores (searching when the box contained more objects minus searching when the box was empty) (±SEM) reflect 12-to 14-month-old infants' successful searching when 1, 2, or 3 objects were hidden, and their failure with 4 (Feigenson & Carey, 2003 . Difference scores significantly greater than chance are indicated by * (p < .05). exceeding working memory capacity seem to differ in infants versus adults, the fundamental capacity of working memory appears to be quite stable across development.
2.2 Do the contents of working memory affect the capacity of working memory?
Capacity and complexity in adults
The earlier-mentioned studies suggest that adults can store up to 3 or 4 objects in working memory at any given time. What are the contents of those object representations? The change detection task employed by Luck and Vogel (1997) reveals that adults' object representations can contain a variety of featural information about the remembered objects, including their color, spatial orientation, and size. Moreover, Luck and Vogel suggested that once an object is represented in working memory, binding features to that object representation imposes no additional cost. This conclusion comes from the finding that adults were as good at detecting a change to a scene containing 4 objects, each with 4 separate features (16 total features), as they were at detecting a change to a scene containing 4 objects, each with just one feature (4 total features). Hence, in Luck and Vogel's study, adults' object representations contained information about multiple features bound to each object. The authors interpreted their results as suggesting that working memory capacity is determined solely by the number of objects that could be stored, and not by informational load (i.e., by the total number of object features being stored). However, subsequent work has questioned Luck and Vogel's 'fixed capacity' view, suggesting that there may instead be a trade-off between the capacity of working memory and the featural complexity of the object representations that are stored. Alvarez and Cavanagh (2004) used a change detection task similar to that of Luck and Vogel, but systematically manipulated the complexity of the stimulus objects. They found that as the complexity of the objects increased (e.g., from colored squares to Chinese characters to shaded cubes), the number of objects that could be accurately remembered decreased monotonically-when objects became complex, adults remembered fewer of them. This contradicts Luck and Vogel's suggestion that object features are automatically represented when an object representation is stored in working memory. However, Alvarez and Cavanagh's results seemed to confirm Luck and Vogel's claim that working memory can never store more than 4 items. Even with the simplest (i.e., least visually complex) objects, adults' working memory capacity reached its asymptote at about 4 (Alvarez & Cavanagh, 2004; Eng et al., 2005; Xu & Chun, 2006 ; but see Awh et al., 2007 Todd and Marois (2004) used functional magnetic resonance imaging (fMRI) to image cerebral activation for arrays of different numbers of objects, where the objects varied in their complexity in ways similar to those in Alvarez and Cavanagh's task. They found that the inferior IPS showed differential activation depending on whether 1, 2, 3, or 4 objects were remembered, regardless of object complexity or spatial location. In contrast, activity in the superior IPS and posterior parietal cortex reflected not only the number of objects presented but also the complexity of those objects (Song & Jiang, 2006; Xu & Chun, 2006) . Subsequent studies more directly addressed the relationship between these two brain areas. This work found that, as predicted, cues that led observers to visually group individual objects together reduced the number of items observers stored in working memory. This, in turn, led to reduced activation of the inferior IPS. But this grouping came at a cost. Although grouping reduced the number of individual objects in the scene, representations of the grouped objects necessarily became more internally complex. This increase in objects' perceived complexity was reflected by an increase in the activity of the superior IPS, the region thought to track object complexity (Xu & Chun, 2007) : that is, grouping caused a trade-off in activity between the inferior and superior IPS. This result is consistent with the view that working memory capacity decreases as object complexity increases.
Capacity and complexity in infants
Is there evidence of a similar trade-off between working memory capacity and complexity earlier in development? Evidence from several paradigms suggests that infants, similar to adults, are constrained to storing about 3 items in working memory at a time, as reviewed earlier in this chapter. Other research has shown that the object representations that infants store in working memory can have features such as color or spatial location bound to them (e.g., Kaldy & Leslie, 2003; Oakes et al., 2006; Ross-Sheehy et al., 2003) . However, to date, the question of whether working memory capacity is affected by the complexity of object representations has not yet been asked from a developmental perspective. Developmental data have not yet been brought to bear on the debate over whether working memory capacity is better characterized as fixed or as flexible. One reason that developmental data may be relevant is that methodological issues have complicated the debate. Some researchers have suggested that the apparent trade-off between adults' capacity and the resolution of their object representations is an artifact of the change detection paradigm typically used to measure adults' working memory capacity (Awh et al., 2007) . Are trade-offs between capacity and complexity observed in tasks other than change detection? Here, we describe data from a very different paradigm with infants that seem to support the flexible capacity view. We examined the interaction between working memory capacity and information load by asking whether infants can successfully individuate objects when shown arrays containing varying numbers of objects. Individuation refers to the ability to detect whether a currently seen object is the same one as viewed earlier, or is instead a different object (see also Tremoulet et al., 2000; van de Walle et al., 2000; Wilcox, 1999; Xu, 1999; Xu & Carey, 1996; Xu et al., 1999; Xu et al., 2004; Xu et al., 2005) . Imagine seeing a cat enter the kitchen, and a moment later seeing a dog walk out. In order to know that two numerically distinct animals took part in this scene, one had to have stored in memory a representation of the first animal (e.g., that it had pointy ears and whiskers), then have compared it to a representation of the second animal (e.g., that it had floppy ears and lacked whiskers). Because the features bound to the two representations do not match, and because we have a commitment that one animal cannot magically change its properties, we can conclude that two animals were seen-a cat and a dog. If we had not been able to store a representation of the first animal in memory, or if we had not bound specific features to the object representation (e.g., if we had simply remembered that 'an animal entered the kitchen'), no mismatch would have been computed and we would not have been able to individuate. Instead, we either would have concluded that we had seen just a single animal or would have been ambivalent as to how many animals there had been. Because working memory is required for successful individuation, individuation can be thought of as an index of which features were stored in working memory.
To date, no studies have asked whether infants' individuation abilities interact with working memory load. Answering this question can bear on the debate over whether working memory capacity is better thought of as fixed or as flexible. Alvarez & Cavanagh (2004) and Eng et al. (2005) found that, for adults, representing the features of complex objects meant that fewer object representations were stored in memory, relative to representing the features of simple objects. The flip side of this coin predicts that as the number of objects stored in memory increases, the featural resolution of those object representations should correspondingly decrease. We tested infants' memory for object features as a function of the number of objects in the presented array, using individuation as our dependent measure. We predicted that infants would be able to individuate objects from arrays containing small numbers of objects; but when faced with larger arrays (even arrays within the 3-item limit of infants' working memory capacity), we predicted that infants would fail to individuate because they had not stored enough of the objects' features to do so. We tested 18-month-old infants in a modified manual search paradigm in which they saw 1, 2, or 3 objects hidden in a box and then were allowed to search for them. There were two methodological differences distinguishing this study from our previous uses of the manual search paradigm. First, in previous studies, we always hid arrays of identical objects (e.g., 3 identical ping-pong balls; Feigenson & Carey, 2003 Feigenson & Halberda, 2004) . In the present study, we hid heterogeneous arrays of small toys that contrasted in their perceptual features and in their category membership (e.g., a cat, a car, and a shoe). Second, in previous studies, we always manipulated the number of objects infants were able to retrieve from the box, relative to the number they had seen hidden. In the present study, we always let infants retrieve the same number of objects as they had seen hidden, and instead manipulated the identities of the retrieved objects relative to the hidden objects. Thus, we did not ask infants to compute a numerical match between the hidden array and the retrieved array (because our previous work shows that infants can reliably do so for 1-, 2-, and 3-object arrays by 12 months of age, much younger than the infants we tested here). Instead, we asked whether infants could compute a match or a mismatch in object identities for arrays containing varying numbers of objects.
Infants watched 1, 2, or 3 objects being hidden in the box. For each of these array sizes, on half of the trials, infants were then allowed to reach into the box and retrieve exactly the same objects they had just seen hidden. 6 These were called No Switch trials because all of the objects retrieved from the box were identical to those just hidden (they were the same objects). Almost immediately after these objects had been retrieved, the experimenter took them away, and a 10-second measurement period followed during which the box remained in place and infants were able to further search the box if they chose to do so. On these No Switch trials, the box was expected to be empty during this measurement period, because infants had already retrieved all of the objects they had seen hidden. 6 In order to equate the duration over which objects remained hidden across the 1-, 2-, and 3-object trials, immediately after infants had retrieved the first object, the experimenter reached into the box, retrieved any remaining objects (on the 2-and 3-object trials), and gave them to infants to play with briefly. The experimenter then took the object(s) away and the critical measurement period began. Hence, the time elapsed between the point when infants saw objects hidden and the time when the critical measurement period began was equated across all array sizes. The other half of the trials were Switch trials in which one of the objects retrieved from the box was different from those that infants had seen hidden. 7 As in the No Switch trials, a 10-second measurement period then followed during which any searching was measured. If on these Switch trials infants had successfully remembered the objects' properties and used them to individuate, they should have expected one object remaining in the box. For example, on a 3-object Switch trial, infants saw a cat, a shoe, and a bus hidden, but retrieved a car, a shoe, and a bus (see Fig. 2 .2). Successful individuation of the objects would have led infants to expect that the cat was still remaining in the box (although in fact during the measurement periods the experimenter always 7 On Switch trials, we changed the identity of only a single object, regardless of the number of objects comprising the initial array. We did this to equate the extent of change across the different array sizes. Controlling for the number of 'switched' objects across the different array sizes avoided the possibility that any differential searching behavior observed for the arrays containing more objects was due to infants being overwhelmed by the much greater amount of total change on Switch trials (e.g., if a cat, a brush, and a bus had been hidden and a car, a duck, and a spoon were retrieved). secretly held any remaining object out of the infants' reach in the rear of the box). Overall, we wanted to know (1) whether after having retrieved the same number of objects as they had initially seen hidden, infants would use matches and mismatches in object features to search the box longer on Switch trials than on No Switch trials, and (2) whether this effect would vary as a function of the number of objects in the initial stimulus array. We found that infants successfully individuated when 1 or 2 objects had been hidden. This is shown by infants' longer searching when one of the objects had 'magically' changed its properties (Switch trials) relative to searching when all of the objects retrieved matched those seen hidden (No Switch trials; Fig. 2.2) . This means that when 1 or 2 objects were hidden, infants remembered both how many objects there had been and what their properties were. However, when we hid 3 objects, infants failed to individuate-they searched the box equally long on Switch and No Switch trials (Zosh & Feigenson, submitted) : that is, infants showed no evidence of detecting that 1 of the 3 objects had radically changed its properties (i.e., had turned from a cat into a car). It is important to note that previous studies in our laboratory have shown that 3-object arrays are within the 3-item working memory capacity of infants much younger than those tested here (Feigenson & Carey, 2003 . Furthermore, we have previously found that infants search for the correct number of objects when presented with heterogeneous arrays of objects with contrasting properties (small toys similar to those used here), as well as when presented with homogeneous arrays of identical objects (Zosh & Feigenson, in preparation) . Therefore, infants' failure to differentiate Switch from No Switch trials when presented with 3 objects was not due to a general failure to remember arrays of this size, nor due to an inability to remember 3 objects with contrasting properties.
Instead, we suggest that infants in our task stored the correct number of object representations in working memory, regardless of whether 1, 2, or 3 objects had been presented. With the smaller arrays containing only 1 or 2 objects, infants were also able to store property information about each object (i.e., that a cat and a brush had been hidden). Storing this information allowed infants to individuate the objects by detecting a mismatch on Switch trials, such that they then continued searching the box for the missing object. But when faced with arrays containing 3 objects, infants were not able to store as much information about the represented objects, and in this sense formed object representations with a coarser degree of resolution (i.e., they may have remembered just that an object and another object had been hidden [see Xu & Carey, 1996] ). This coarser resolution did not contain enough featural detail to support object individuation. Our results suggest that infants, similar to adults, experience a trade-off between the number of objects stored in working memory and the resolution of those object representations. In adults, this trade-off is revealed by the change detection task. Adults' aim in this task is to remember objects' features so that they can report whether any of those features differed between the target array and test array. Because the change detection task focuses subjects on object features, adults' performance decrement is manifested in capacitythey do not store as many objects in working memory when those objects are featurally complex rather than simple. Our manual search task reveals this same trade-off in infants. Infants' aim in this task is to retrieve individual objects from inside the box and to decide when the box is empty versus when it contains more. Because the manual search task focuses subjects on discrete objects (see Feigenson & Carey, 2003) , the observed performance decrement is manifested in the resolution with which object are represented-not in capacity.
Because these forms of the trade-off between capacity and resolution can be viewed as opposite sides of the same coin, our results add convergent evidence to the debate between fixed and flexible capacity. Infants' performance in our manual search task is consistent with the view that working memory can store no more than 3 or 4 items (3 items for infants, 3-4 items for adults), but that fewer items will be stored if the items impose a high informational load. Alternatively, as in our task, 3 items can be stored with less informational resolution. Our findings shed light on the origins of this trade-off. Rather than being a strategy formed by the working memory system in response to years of experience, the balancing act between capacity and resolution is already being performed in infancy. What is stored in working memory affects how many object representations can be maintained (Alvarez & Cavanagh, 2004) , and how many objects are remembered affects what features are bound to the resulting representations (Zosh & Feigenson, submitted). 2.3 Do the contents of working memory affect the format of forgetting?
Exceeding adults' working memory capacity
Many studies show that adults can store 3 or 4 items in working memory (Alvarez & Cavanagh, 2004; Broadbent, 1975; Cowan, 2001; Luck & Vogel, 1997; Song & Jiang, 2006; Sperling, 1960; Todd & Marois, 2004; Xu & Chun, 2006) . But, what happens when working memory capacity is exceeded, as is the case when 5 or 6 objects are presented? When faced with displays containing more items than they can remember, adults appear to represent 3 or 4 of them and to ignore or forget the items that exceed this limit. 8 This is reflected by the smooth decline in adults' performance with increasingly large arrays containing numbers of items greater than capacity (Eng et al., 2005; Luck & Vogel, 1997; Vogel & Machizawa, 2004) . For example, when faced with arrays containing 6 objects, adults' performance at detecting a change to any one of those objects is still above chance, although far from perfect (Luck & Vogel, 1997) . This suggests that adults successfully represented 3 or 4 out of the 6 total objects. In the change detection task, if one of those 3 or 4 stored objects happened to change its properties, adults detected this. If instead one of the unremembered objects changed its properties, adults simply guessed whether there had been a change or not, and were therefore at chance. Across trials, this led to above-chance performance with supracapacity arrays. Thus, adults' working memory capacity is not diminished when they are shown arrays containing large numbers of items, relative to when they are shown only 3 or 4 items. In both cases, they store 3 or 4 items in working memory.
Exceeding infants' working memory capacity
Infants exhibit an entirely different pattern of performance. When shown arrays containing numbers of items exceeding their 3-item capacity, infants experience 'catastrophic forgetting': that is, they seem to forget all of the presented items rather than simply storing a subset as adults do. For example, infants who have seen 4 objects hidden in a box do not continue searching after retrieving only 1 of the 4 (Feigenson & Carey, 2005) , a failure which persists until 20 months of age (Barner et al., 2007) . Had infants remembered 3 of the 4, they would have continued to search for the missing objects. Similarly, given a choice between 4 crackers hidden in one location and 1 cracker hidden in another location, infants chose randomly, again suggesting that they do not represent 4 as '3' or even as 'more than 1' (Feigenson & Carey, 2005) .
Why do infants experience catastrophic working memory failure for supracapacity arrays, whereas adults do not? One possibility is that once infants have stored the maximum of 3 items in memory, they have difficulty inhibiting any other items from attempting to enter memory and therefore suffer interference effects leading to memory breakdown, whereas adults do not experience this interference effect. A different possibility is that methodological differences 8 But see Feigenson (2008) for an exception. When shown serially presented collections of objects, where each collections contained many tokens of a single object type and where collections were temporally interleaved, adults exhibited complete failure of working memory once the number of presented collections exceeded capacity. With 4 or 5 collections, adults failed to store any of the presented collections in memory-a parallel pattern to the failure observed in infants. between studies with infants and studies with adults contribute to the performance divergence. Specifically, studies with infants have typically measured working memory capacity using displays of visually identical objects, such as ping-pong balls (Barner et al., 2007; Feigenson & Carey, 2003 Feigenson & Halberda, 2004) . In contrast, studies with adults have typically measured capacity using displays of visually contrasting objects, such as differently colored squares or different alphanumeric characters (Alvarez & Cavanagh, 2004; Broadbent, 1975; Cowan, 2001; Luck & Vogel, 1997; Song & Jiang, 2006; Sperling, 1960; Todd & Marois, 2004; Xu & Chun, 2006) . Do infants perform differently than adults when presented with supracapacity arrays because of developmental differences, or because of stimulus differences? If stimulus differences contribute, this might be revealed by presenting infants with stimulus arrays that are more similar to those used with adults: that is, infants might show better working memory performance with heterogeneous object arrays (e.g., cat, bottle, shoe, bus) than with homogeneous arrays (e.g., ball, ball, ball, ball). A small amount of existing evidence suggests that array heterogeneity can indeed affect infants' working memory. When habituated to 2-object arrays containing objects that contrasted in color, pattern, and texture, 7-month-old infants responded to a change in the number of objects present; but when habituated to 2-object arrays containing objects that were perceptually identical, infants failed to respond to a change in the number of objects present and instead responded on the basis of the objects' combined surface area (Feigenson, 2005) . This suggests that heterogeneity might help to preserve representations of individual items in working memory.
Alternatively, the opposite prediction (that infants might show worse performance with heterogeneous arrays than they do with homogeneous arrays) also seems reasonable, in light of previous findings that, for adults, the complexity of individual stimulus items appears to reduce working memory capacity (Alvarez & Cavanagh, 2004; Eng et al., 2005 ). An array containing a cat, a bottle, a shoe, and a bus contains objects that are each individually more complex than an array containing 4 balls. Additionally, the array as a whole is globally more complex. Furthermore, some studies have found that children have greater difficulty abstracting numerical information or making numerical matches with sets of heterogeneous objects than sets of homogeneous objects (Cantlon et al., 2007; Klahr & Wallace, 1976; Siegel, 1974) . These findings suggest that perhaps infants will remember fewer objects from heterogeneous than homogeneous arrays.
So, when presented with arrays that exceed capacity, does what infants store affect how many they remember? We tested the effects of array heterogeneity on infants' representations of supracapacity arrays by comparing their performance in the manual search task when shown heterogeneous arrays (the present experiments) with their performance when shown homogeneous arrays (previous experiments). To recapitulate, in previous experiments, infants were able to remember 1, 2, or 3 identical hidden objects, but not 4 (Barner et al., 2007; Feigenson & Carey, 2003 . Infants successfully continued searching the box after seeing 2 objects hidden and retrieving just 1 of them (a 1 vs. 2 comparison), after seeing 3 objects hidden and retrieving just 1 of them (a 1 vs. 3 comparison), and after seeing 3 objects hidden and retrieving just 2 of them (a 2 vs. 3 comparison). However, infants failed to keep searching after seeing 4 objects hidden and retrieving either 1 or 2 of them. In these experiments, the arrays always comprised visually identical objects (e.g., 4 orange ping-pong balls), and infants always heard 4 identical verbal labels (e.g., 'Look at this. Look at this. Look at this. Look at this.') We asked whether conceptual, lexical, or perceptual heterogeneity would allow 12-month-old infants to succeed with 4-object arrays in the face of their previous failures.
In our first experiment, we examined the effects of conceptual and lexical heterogeneity. In contrast to previous studies, here we presented infants with conceptually heterogeneous arrays containing objects from contrasting categories known to be familiar to infants of this age (e.g., brush, cat, spoon, duck). Second, we manipulated infants' knowledge of contrasting lexical labels for the objects in two ways. For infants in the Heterogeneous Labels condition, we presented only objects for which each infant was reported by parents to know the label. For infants in the Homogeneous Labels condition, we presented only objects for which parents reported the infant did not know the label. In addition, infants in the Heterogeneous Labels condition heard the experimenter refer to objects using contrasting labels prior to hiding them in the box (e.g., 'Look a brush! Look, a cat!'). Infants in the Homogeneous Labels condition heard the experimenter refer to objects using noncontrasting labels ('Look at that! Look at that!').
Each infant was tested with two kinds of numerical comparisons: 1 versus 2 (Fig. 2.3 ) and 2 versus 4 objects (Fig. 2.4) . On 1 versus 2 comparisons, we compared the duration of infants' searching after they had seen 2 objects hidden and retrieved just 1 of them (and therefore, the box was expected to contain another object) with their searching after they had seen 1 object hidden and retrieved 1 (and therefore, the box was expected to be empty). If infants successfully searched longer when the box was expected to contain another object relative to when it was expected to be empty, we can conclude that infants successfully represented 2 objects in working memory, replicating results from our previous experiments (Feigenson & Carey, 2003 (Zosh & Feigenson, in preparation) In the top row, infants' searching is measured after they see 1 object hidden and have retrieved 1 object-the box is expected to be empty. In the bottom row, infants' searching is measured after they see 2 objects hidden and have retrieved just 1 object-the box is expected to contain more objects. (Zosh & Feigenson, in preparation) In the top row, infants' searching is measured after they see 2 objects hidden and have retrieved 2-the box is expected to be empty. In the bottom row, infants' searching is measured after they see 4 objects hidden and have retrieved just 2 of them-the box is expected to contain more objects. On 2 versus 4 object comparisons, we compared the duration of infants' searching after they had seen 4 objects hidden and retrieved just 2 of them (and therefore, the box was expected to contain more objects) with their searching after they had seen 2 objects hidden and retrieved 2 (and therefore, the box was expected to be empty). If infants successfully searched longer when the box was expected to contain more objects relative to when it was empty, we can conclude that infants were able to represent 4 objects in working memory (or could at least discriminate 4 from 2). Overall, we wanted to know (1) whether infants presented with our new heterogeneous object arrays would succeed on 2 versus 4 object comparisons, in the face of their previous failures with 2 versus 4 comparisons using identical objects (Feigenson & Carey, 2003 , and (2) whether this success was affected by the presence or absence of lexical cues to heterogeneity.
First, we predicted that infants in both conditions would succeed with 1 versus 2 object comparisons, because 1 and 2 objects are well within infants' working memory capacity. Our results confirmed this. Regardless of whether they knew and heard contrasting labels for objects, infants successfully searched longer on trials when 2 objects had been hidden and only 1 had been retrieved, relative to trials when 1 object had been hidden and it had already been retrieved (see Fig. 2 .5). Infants in previous studies using homogeneous Fig. 2 .5 Difference scores (searching when the box contained more objects minus searching when the box was empty) for 1 vs. 2 and 2 vs. 4 object comparisons in the heterogeneity experiments of Zosh and Feigenson (in preparation) . Difference scores above zero indicate infants' successful differentiation of 1 from 2 or 2 from 4. In panel (a), objects were conceptually and perceptually heterogeneous, and contrasting lexical labels were used to refer to them. Infants succeeded in all conditions. In panel (b), objects were perceptually heterogeneous, and conceptual heterogeneity was manipulated. Infants again succeeded in all conditions. These successes show that perceptual heterogeneity was sufficient to allow infants to successfully discriminate 2 from 4, in the face of their previous failures to do so (Barner et al., 2007; Feigenson & Carey, 2003 arrays of identical objects also demonstrated success with such 1 versus 2 object comparisons; therefore, this finding simply confirms that infants in our task were able to store representations of 2 visually contrasting objects in working memory. Second, we predicted that infants would succeed on 2 versus 4 object comparisons with our conceptually heterogeneous object arrays, but only in the Heterogeneous Labels condition where they both knew and heard contrasting labels for the presented objects. Surprisingly, we found that infants in both the Heterogeneous and Homogeneous Labels conditions succeeded on 2 versus 4 comparisons (Fig. 2.5 ). When shown arrays of familiar objects that contrasted with one another, infants who saw 4 objects hidden and only retrieved 2 of them successfully continued to search the box for the missing objects. This success is striking given infants' multiple previous failures with 2 versus 4 comparisons involving identical objects (Barner et al., 2007; Feigenson & Carey, 2003 . However, this improvement in infants' working memory performance did not require lexical heterogeneity (Zosh & Feigenson, in preparation) . Even when they did not know the objects' labels and did not hear them labeled by the experimenter, infants successfully continued searching after seeing 4 contrasting objects hidden and retrieving only 2 of them.
Our findings demonstrate infants' improved working memory performance with heterogeneous arrays relative to homogeneous arrays. What type of heterogeneity was responsible for this effect? Our stimulus objects were from familiar categories that contrasted with one another conceptually (e.g., brush, cat, car, duck). However, the objects also contrasted with one another on the basis of perceptual features (e.g., blue brush, white cat, red car, yellow duck). Therefore, the results of our first experiment do not reveal whether conceptual or perceptual heterogeneity was responsible for infants' improved memory performance. We addressed this issue by next presenting 12-monthold infants with arrays that were always perceptually heterogeneous, but either contained conceptually familiar or conceptually novel objects.
In the Conceptually Heterogeneous condition, the experimenter hid the same familiar objects as were used in our first experiment (e.g., brush, cat, car, duck). In the Perceptually Heterogeneous condition, the experimenter hid contrasting novel objects that were chosen to be unfamiliar to infants (e.g., a plastic crab claw, a piece of a hair clip, a plastic towel holder, and a plastic skirt from a doll set). These novel objects contrasted in visual features such as color and shape, but were reported by parents to be entirely unfamiliar.
As in the previous heterogeneity experiment, both the Conceptually Heterogeneous and the Perceptually Heterogeneous conditions involved 1 versus 2 object comparisons and 2 versus 4 object comparisons, again forming a 2 × 2 design. We predicted that infants in both the Conceptually Heterogeneous and the Perceptually Heterogeneous conditions would succeed with 1 versus 2 object comparisons, because arrays of 1 and 2 objects are well within infants' working memory capacity (Feigenson & Carey, 2003 Feigenson, Carey & Hauser, 2002) . Our results confirmed this. Regardless of whether they had seen familiar or novel objects hidden, infants successfully searched longer on trials when 2 objects had been hidden and only 1 had been retrieved, compared with trials when 1 object had been hidden and it had already been retrieved (Fig. 2.5) . Second, we predicted that infants might only succeed on 2 versus 4 object comparisons in the Conceptually Heterogeneous condition, when they saw objects from contrasting familiar categories. But surprisingly, we found that infants in both the Conceptually Heterogeneous and Perceptually Heterogeneous conditions succeeded on 2 versus 4 comparisons ( Fig. 2.5 ). When 4 conceptually unfamiliar, perceptually dissimilar objects were hidden and infants had retrieved just 2 of them, infants continued searching the box for the missing objects. This success contrasts with the several other failures of infants of this age to represent 4 objects in this same paradigm (Barner et al., 2007; Feigenson & Carey, 2003 . The sole difference is that here we used perceptually heterogeneous object arrays instead of perceptually homogeneous arrays. This means that seeing arrays of objects that contrasted in their early visual features was sufficient for infants to experience a working memory benefit. This pattern of results raises a puzzle: What was the difference in the way that infants represented the heterogeneous object arrays relative to the homogeneous arrays? One possibility is that heterogeneity actually expanded infants' working memory capacity, allowing them to store representations of 4 individual objects in memory. Alternatively, heterogeneity might have acted to prevent the catastrophic memory failure observed in previous studies (Barner et al., 2007; Feigenson & Carey, 2003 , thereby allowing infants to perform in a way similar to that of adults. According to this second possibility, infants presented with heterogeneous object arrays might have been able to store up to (but not beyond) their usual 3-item working memory capacity, and would therefore have represented a 4-object array as containing 3 objects. Doing so would have led to success on 2 versus 4 object comparisons because infants who saw 4 objects hidden would have represented them as '3'-after retrieving just 2 of them, they would have continued searching for the missing third object. Representing just a manageable subset of supracapacity arrays is exactly what adults do when presented with heterogeneous arrays (Eng et al., 2005; Luck & Vogel, 1997; Vogel & Machizawa, 2004 We tested these two possible benefits of heterogeneity by presenting infants with heterogeneous 4-object arrays, and allowing them to retrieve either 2 of the 4 objects (a 2 vs. 4 comparison, just as in our previous studies) or 3 of the 4 objects (a 3 vs. 4 comparison). If heterogeneity increases memory capacity such that infants can successfully remember 4 individual objects, they should succeed with both the 2 versus 4 and 3 versus 4 comparisons. Alternatively, if heterogeneity does not alter capacity but instead prevents catastrophic memory failure, infants should succeed with 2 versus 4 object comparisons but fail with 3 versus 4 object comparisons because they represented 4 as 3.
We found evidence for this second account. After seeing 4 contrasting objects hidden and retrieving just 2 of them, infants continued to search the box (replicating the results of the previous two experiments); but after seeing 4 contrasting objects hidden and retrieving 3 of them, infants stopped searching ( Fig. 2.6 ). Thus, infants appeared to represent 4 heterogeneous objects as 3 (Zosh & Feigenson, in preparation) . This means that they did not experience the usual pattern of catastrophic memory failure in which all of the presented objects were forgotten (Barner et al., 2007; Feigenson & Carey, 2003 . Instead, they appeared to fill working memory to capacity without storing any information about the remaining object that exceeded capacity.
Taken together, these three experiments suggest that infants remember heterogeneous object arrays differently than homogeneous arrays. When shown homogeneous arrays of identical objects that exceed their 3-item working memory capacity (e.g., 4-object arrays), infants experience catastrophic failure Difference scores (searching when the box contained more objects minus searching when the box was empty) reflect infants' searching after 4 objects had been hidden and 2 of them retrieved, versus when 4 objects had been hidden and 3 of them had been retrieved. and seem to forget all of the presented objects; but when presented with heterogeneous arrays of perceptually contrasting objects, infants remember 3 of the objects and ignore or forget any others. Our results also show that perceptual heterogeneity is sufficient to obtain this effect-when conceptual and lexical heterogeneity were removed from the arrays, infants still succeeded with 2 versus 4 object comparisons. It remains unknown whether perceptual heterogeneity is required for this effect, or whether, for example, infants might also succeed when presented with 4 visually identical objects referred to with contrasting verbal labels (e.g., 'Look, a blicket. Look, a pizer. Look, a dax. Look, a toma.'). Future studies will be needed to identify the various sources of array heterogeneity from which infants can benefit. Another open issue is the mechanism underlying the observed heterogeneity effect. In adults, heterogeneity can help working memory by decreasing interference between stored items. For example, Bunting (2006) found that when adults performed a working memory task with stimulus items from different categories (e.g., words and digits), they were less susceptible to proactive interference than when items were from the same category or had similar features (see also Conlin et al., 2005; Oberauer & Kliegl, 2006; Wickelgren, 1965) . Bunting suggested that when items within or across memory lists differed in identity, proactive interference was released. Infants' difficulty in representing subsets of arrays containing 4 identical objects might have been due to such interference effects.
The heterogeneity effect we observed might also be related to the phenomenon of repetition blindness, in which adults are better at reporting features of briefly presented items when the items have contrasting features (e.g., a yellow S and a blue O) rather than identical features (e.g., two blue O's; Kanwisher et al., 1995) . It is possible that infants too have difficulty encoding 4 identical objects into memory (although this would not provide an obvious explanation for why they successfully encode and remember 2 or 3 identical objects). Future studies will be needed to test these possibilities. Surprisingly, little research has examined the effects of heterogeneity versus homogeneity on adults' working memory capacity. Our finding that heterogeneity clearly improves infants' performance opens the door to conducting similar investigations with adults.
Concluding remarks
In this chapter, we have suggested that in order to understand object representations, one must come to understand the working memory system that supports their storage and maintenance. In particular, we offered a developmental perspective to this approach. Infants' object representations have been elegantly investigated for the past several decades. One of the most controversial and Baillargeon, 1987; Flombaum et al., Chapter 6; Luo et al., 2003; Shinskey & Munakata, 2003; Spelke et al., 1992; Wynn, 1992) . More recent work has demonstrated that the same holds true for nonhuman species-monkeys too can represent and reason about unseen objects (Cheries et al., 2006; Flombaum et al., Chapter 6; Hauser & Carey, 2003; Munakata et al., 2001; Santos et al., 2006) . Importantly, thinking and reasoning about hidden objects requires memory. Without a mental storage system in which object representations can be maintained and processed, infants (and monkeys) would not be able to expect hidden objects to be solid, continuous, or cohesive-instead, out of sight would truly be out of mind (Piaget, 1954) . In this way, the architecture that constrains working memory in turn constrains how and when we can think about objects. Because working memory can be thought of as constrained by both discrete and continuous limits (i.e., by limits on how many individual items can be stored, and by limits on how much total information can be stored), thinking about objects will be influenced by both discrete and continuous properties of the scenes in which those objects appear. Here, we have attempted to bring together investigations of these two types of constraints, uniting studies of working memory capacity (how many objects can be remembered) with studies of the information that is bound to object representations (what features of objects are remembered). We have tried to show that for both infants and adults, the quantity and quality of object representations interact in some surprising ways. First, we saw that working memory computes a trade-off between the number of items stored and the resolution of the resulting representations. Second, we saw that the features bound to object representations can determine the nature of forgetting when working memory capacity is exceeded.
A lesson from this work is that the architecture of working memory shapes our reasoning about objects-this is true throughout the lifespan. We suspect that future investigations that continue to explore the alignment of infants' working memory with adults' working memory will be fruitful. Such work will add detail to the emerging portrait of how working memory supports thinking about things unseen.
